arXiv:hep-ex/0503041 v1 23 Mar 2005

Belle Preprint 2005-10 KEK Preprint 2004-107 Intended for PLB

Search for lepton flavor violating decays τ^− → ℓ^−π^0, ℓ^−η, ℓ^−η^′

Y. Enari,^{19} N. Sato,^{19} K. Abe,^6 K. Abe,^{38} H. Aihara,^{40} Y. Asano,^{44} V. Aulchenko,^1 S. Bahinipati,^4 A. M. Bakich,^{35} I. Bedny,^1 U. Bitenc,^{11} I. Bizjak,^{11} S. Blyth,^{23} A. Bondar,^1 A. Bozek,^{24} M. Bračko,^{6, 17, 11} J. Brodzicka,^{24} M.-C. Chang,^{23} Y. Chao,^{23} A. Chen,^{21} W. T. Chen,^{21} B. G. Cheon,^3 R. Chistov,^{10} Y. Choi,^{34} A. Chuvikov,^{47} J. Dalseno,^{18} M. Dash,^{45} A. Drutskoy,^4 S. Eidelman,^1 D. Epifanov,^1 F. Fang,^5 S. Fratina,^{11} N. Gabyshev,^1 T. Gershon,^6 G. Gokhroo,^{36} B. Golob,^{16, 11} A. Gorišek,^{11} J. Haba,^6 K. Hayasaka,^{19} H. Hayashii,^{20} M. Hazumi,^6 L. Hinz,^{15} T. Hokuue,^{19} Y. Hoshi,^{38} K. Hoshina,^{43} S. Hou,^{21} W.-S. Hou,^{23} T. Iijima,^{19} A. Imoto,^{20} K. Inami,^{19} A. Ishikawa,^6 R. Itoh,^6 M. Iwasaki,^{40} Y. Iwasaki,^6 J. H. Kang,^{46} J. S. Kang,^{13} P. Kapusta,^{24} N. Katayama,^6 H. Kawai,^2 T. Kawasaki,^{26} H. R. Khan,^{41} H. Kichimi,^6 H. J. Kim,^{14} S. M. Kim,^{34} S. Korpar,^{17, 11} P. Krokovny,^1 S. Kumar,^{29} C. C. Kuo,^{21} A. Kuzmin,^1 Y.-J. Kwon,^{46} G. Leder,^9 S. E. Lee,^{33} T. Lesiak,^{24} J. Li,^{32} S.-W. Lin,^{23} D. Liventsev,^{10} F. Mandl,^9 T. Matsumoto,^{42} Y. Mikami,^{39} W. Mitaroff,^9 H. Miyake,^{28} H. Miyata,^{26} R. Mizuk,^{10} G. R. Moloney,^{18} T. Nagamine,^{39} Y. Nagasaka,^7 E. Nakano,^{27} M. Nakao,^6 H. Nakazawa,^6 Z. Natkaniec,^{24} S. Nishida,^6 O. Nitoh,^{43} S. Ogawa,^{37} T. Ohshima,^{19} T. Okabe,^{19} S. Okuno,^{12} S. L. Olsen,^5 W. Ostrowicz,^{24} H. Ozaki,^6 P. Pakhlov,^{10} H. Palka,^{24} C. W. Park,^{34} N. Parslow,^{35} L. S. Peak,^{35} L. E. Piilonen,^{45} N. Root,^1 H. Sagawa,^6 Y. Sakai,^6 H. Sakaue,^{27} T. Schietinger,^{15} O. Schneider,^{15} P. Schönmeier,^{39} J. Schümann,^{23} K. Senyo,^{19} M. E. Sevior,^{18} T. Shibata,^{26} H. Shibuya,^{37} B. Shwartz,^1 J. B. Singh,^{29} A. Somov,^4 N. Soni,^{29} R. Stamen,^6 S. Stanič,^{44, ∗} M. Starič,^{11} K. Sumisawa,^{28} T. Sumiyoshi,^{42} O. Tajima,^6 F. Takasaki,^6 K. Tamai,^6 N. Tamura,^{26} M. Tanaka,^6 Y. Teramoto,^{27} X. C. Tian,^{30} T. Tsukamoto,^6 S. Uehara,^6 T. Uglov,^{10} K. Ueno,^{23} S. Uno,^6 P. Urquijo,^{18} Y. Ushiroda,^6 G. Varner,^5 S. Villa,^{15} C. C. Wang,^{23} C. H. Wang,^{22} M. Watanabe,^{26} Q. L. Xie,^8 B. D. Yabsley,^{45} A. Yamaguchi,^{39} Y. Yamashita,^{25} M. Yamauchi,^6 Heyoung Yang,^{33} J. Ying,^{30} J. Zhang,^6 L. M. Zhang,^{32} Z. P. Zhang,^{32} V. Zhilich,^1 and D. Žontar^{16, 11}

(The Belle Collaboration) 1Budker Institute of Nuclear Physics, Novosibirsk 2Chiba University, Chiba 3Chonnam National University, Kwangju 4University of Cincinnati, Cincinnati, Ohio 45221 5University of Hawaii, Honolulu, Hawaii 96822 6High Energy Accelerator Research Organization (KEK), Tsukuba 7Hiroshima Institute of Technology, Hiroshima 8Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 9Institute of High Energy Physics, Vienna 10Institute for Theoretical and Experimental Physics, Moscow

Typeset by REVTEX 1

11J. Stefan Institute, Ljubljana 12Kanagawa University, Yokohama 13Korea University, Seoul 14Kyungpook National University, Taegu 15Swiss Federal Institute of Technology of Lausanne, EPFL, Lausanne 16University of Ljubljana, Ljubljana 17University of Maribor, Maribor 18University of Melbourne, Victoria 19Nagoya University, Nagoya 20Nara Women’s University, Nara 21National Central University, Chung-li 22National United University, Miao Li 23Department of Physics, National Taiwan University, Taipei 24H. Niewodniczanski Institute of Nuclear Physics, Krakow 25Nihon Dental College, Niigata 26Niigata University, Niigata 27Osaka City University, Osaka 28Osaka University, Osaka 29Panjab University, Chandigarh 30Peking University, Beijing 31Princeton University, Princeton, New Jersey 08544 32University of Science and Technology of China, Hefei 33Seoul National University, Seoul 34Sungkyunkwan University, Suwon 35University of Sydney, Sydney NSW 36Tata Institute of Fundamental Research, Bombay 37Toho University, Funabashi 38Tohoku Gakuin University, Tagajo 39Tohoku University, Sendai 40Department of Physics, University of Tokyo, Tokyo 41Tokyo Institute of Technology, Tokyo 42Tokyo Metropolitan University, Tokyo 43Tokyo University of Agriculture and Technology, Tokyo 44University of Tsukuba, Tsukuba 45Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061 46Yonsei University, Seoul 47Princeton University, Princeton, New Jersey 08545

Abstract

We have searched for lepton flavor violating semileptonic τ^− decays using a data sample of 153.8 fb^{−1} accumulated with the Belle detector at the KEKB e^+e^− collider. For the six decay modes studied, the observed yield is compatible with the estimated background and the following upper limits are set at the 90% confidence level: B(τ^− → e^−η) < 2.3 × 10^{−7}, B(τ^− → μ^−η) < 1.5 × 10^{−7}, B(τ^− → e^−π^0) < 1.9 × 10^{−7}, B(τ^− → μ^−π^0) < 4.1 × 10^{−7}, B(τ^− → e^−η^′) < 10 × 10^{−7}, and B(τ^− → μ^−η^′) < 4.7 × 10^{−7}. These results are 10 to 64 times more restrictive than previous limits.

PACS numbers: 11.30.-j, 12.60.-i, 13.35.Dx, 14.60.Fg

INTRODUCTION

Processes with Lepton Flavor Violation (LFV) provide some of the most promising searches for physics beyond the Standard Model (SM). In the charged lepton sector LFV is usually considered for purely leptonic processes such as radiative decays of μ and τ [1] or their decays into three charged leptons [2]. The semileptonic τ decays τ^− → ℓ^−M^0 (where ℓ^− = e^−, μ^− and M^0 = π^0, η, η^′) provide another good source of information about possible LFV mechanisms from supersymmetry (SUSY) motivated models [3, 4] to models with heavy Dirac neutrinos [5, 6]; they also allow more general bounds to be placed on the scale of new physics [7]. Experiments at B factories, where τ lepton pairs are copiously produced, have substantially increased the sensitivity to LFV decays, bringing it close to various theoretical expectations. Recently we performed a search for the decay τ^− → μ^−η based on a data sample of 84.3 fb^{−1} and placed a new upper limit on its branching fraction, B(τ^− → μ^−η) < 3.4 × 10^{−7} [8], 28 times better than the previous limit from CLEO [9] and comparable to predictions for some SUSY models [3, 4].

We present here an updated result for τ^− → μ^−η and new searches for the decay modes τ^− → μ^−π^0, τ^− → μ^−η^′, τ^− → e^−π^0, τ^− → e^−η, and τ^− → e^−η^′, based on a data sample of 153.8 fb^{−1}, equivalent to 137.2 ×10^6 τ^+τ^− pairs, collected at the Υ(4S) resonance with the Belle detector at the KEKB energy-asymmetric e^+e^− collider [10]. Due to this much higher integrated luminosity our sensitivity to the decay modes τ^− → ℓ^−π^0 and ℓ^−η is considerably better than in previous searches with MARK II [11], Crystal Ball [12], ARGUS [13] and CLEO [9]. The decay modes τ^− → ℓ^−η^′ are studied here for the first time. Unless otherwise stated, charge conjugate modes are implied throughout the paper.

The Belle detector is a large-solid-angle magnetic spectrometer that consists of a silicon vertex detector (SVD), a 50-layer central drift chamber (CDC), an array of aerogel threshold Čerenkov counters (ACC), a barrel-like arrangement of time-of-flight scintillation counters (TOF), and an electromagnetic calorimeter (ECL) comprised of CsI(Tl) crystals located inside a superconducting solenoid coil that provides a 1.5 T magnetic field. An iron fluxreturn located outside of the coil is instrumented to detect K^0_L mesons and to identify muons (KLM). A more detailed description of the detector can be found in Ref. [14].

For Monte Carlo (MC) studies, the following programs have been used to generate background events: KORALB/TAUOLA [15] for τ^+τ^− processes, QQ [16] for BB̄ and continuum, BHLUMI [17] for Bhabha, KKMC [18] for μ^+μ^− and AAFH [19] for two-photon processes. We use the following sizes of MC samples: 428 fb^{−1} of generic τ^+τ^−, 232 fb^{−1} of qq̄ with q = u, d, s, and 160 fb^{−1} with q = c, 90 fb^{−1} of BB̄, 119 fb^{−1} of μ^+μ^−, 9.1 fb^{−1} of Bhabha and 205 fb^{−1} of two-photon processes. Signal MC is generated by KORALB/TAUOLA. To take a range of possible τ^− → ℓ^−M^0 production mechanisms into account, we generate events under three different assumptions: uniform angular distribution in the τ rest frame, V − A interactions, and V + A interactions. We initially assume all τ decays to have a uniform angular distribution and take the other hypotheses into account later. The Belle detector response is simulated by a GEANT3 [20] based program.

DATA ANALYSIS

We follow the same principles of event selection as those in the τ^− → μ^−η search [8]. Kinematical variables with a CM superscript are calculated in the center-of-mass frame, and other variables are calculated in the laboratory frame unless otherwise stated. We look for an event with the following particles:

{τ^− → ℓ^− + M^0} + {τ^+ → (track)^+ + nγ + X} ,

where the system X is unobserved. In other words, the events should be consistent with a τ^+τ^− event, in which the τ^− decays into a lepton ℓ^− and a pseudoscalar meson M^0 (signal side) and the τ^+ decays into a charged track, any number n ≥ 0 of photons, and one or more neutrinos (tag side). The charged track on the tag side should not be an electron (muon) if the lepton on the signal side is an electron (muon), in order to avoid contamination by Bhabha (μ^+μ^−) events. We reconstruct mesons in the following modes: π^0 → γγ, η → γγ, η → π^+π^−π^0, η^′ → π^+π^−η, η → γγ. When pseudoscalar mesons M^0 are reconstructed from γγ, the event has a 1-1 prong configuration. When the η is reconstructed from π^+π^−π^0, or the η^′ is reconstructed in η^′ → π^+π^−η, η → γγ, the event has a 1-3 prong configuration. The signal side thus contains at least two photons in all cases.

For the 1-1 prong selection, the candidate should contain exactly two oppositely charged tracks and two or more photons, two of which form a π^0 or an η. We require the momentum of each track, p, and the energy of each photon, E_γ , to satisfy p > 0.1 GeV/c and E_γ > 0.1 GeV. The tracks and photons are required to be detected within the CDC acceptance, −0.866 < cos θ < 0.956. In order to exclude Bhabha, μ^+μ^− and two-photon events, which otherwise contribute a large background, the total visible energy in the CM frame is required to satisfy 5 GeV < E^{CM}_{total} < 10 GeV. The event is subdivided into two hemispheres by a plane perpendicular to the thrust axis evaluated from all tracks and photons satisfying the above requirements.

The lepton flavor is identified based on likelihood ratios calculated from the response of various subsystems of the detector. For electron identification, the likelihood ratio is defined as P_e = L_e/(L_e + L_x), where L_e and L_x are the likelihoods for electron and other flavor hypotheses, respectively, determined using the matching between the position of the charged track trajectory and the cluster position in the ECL, the ratio of the shower energy in the ECL to the momentum measured by the CDC, the shower shape of the cluster in the ECL, specific ionisation (dE/dx) in the CDC and the light yield in the ACC [21]. For muon identification, the likelihood ratio is P_μ = L_μ/(L_μ + L_K + L_π ), where L_μ, L_π , and L_K are the likelihoods for the muon, pion and kaon hypotheses respectively, based on the matching quality and penetration depth of associated hits in the KLM [22]. For electron candidates P_e > 0.9 is required, identifying electrons with an efficiency η_e = (92.4 ± 0.4)%; the pion fake rate (the probability that a pion is misidentified as an electron) κ_e = (0.25 ± 0.02)%. For muons η_μ = (87.5 ± 0.3)% and κ_μ = (1.4 ± 0.1)% are obtained. If the track satisfies P_e > 0.6 or P_μ > 0.6 on the tag side, i.e. is lepton-like, the constraints n^{tag}_γ ≤ 2 and p^{tag}_{e/μ} 0.7 GeV/c are applied to suppress events including photons from initial state radiation or beam background. Otherwise, no constraints are applied on the tag side. The lepton flavor identification on the signal side is postponed until the last stage of selection.

The momentum of a π^0 or η meson produced in a two-body τ -decay is on average higher than that of π^0/η mesons from other sources, so that photons from π^0 or η are required to have a rather high energy E_γ > 0.30 (0.22) GeV in the case of ℓ^− = e^−(μ^−). To further reduce the backgrounds, the cosine of the opening angle between ℓ^− and γγ on the signal side must satisfy 0.5 < cos θ_ℓ−_{-γγ} < 0.95. When reconstructing an η meson candidate, a π^0 veto is applied: defining the resolution-normalized π^0 mass S^{π0}_{γγ}′ = (m_{γγ}′ − 0.135 GeV/c^2)/σ^{π0}_{γγ}′ , we reject events where a signal-side photon γ and a tag-side photon γ^′ satisfy −5 < S^{π0}_{γγ}′ < +5; the resolution σ^{π0}_{γγ}′ is in the range 5–8 MeV/c^2. This π^0 veto rejects 86% of the BG events

FIG. 1: cos θ^{CM}_{thrust−miss} distribution for the τ^− → μ^−η decay mode. The data (points with error bars), total background MC (open histogram), non-τ^+τ^− background MC (hatched histogram), and signal MC (shaded histogram) are shown. The selected region is indicated by the arrow.

while retaining 75% of the signal. To ensure that the missing particles are neutrinos rather than γ’s or charged particles that fall outside the detector acceptance, we require that the direction of the missing momentum satisfy the condition −0.866 < cos θ_{miss} < 0.956. Since neutrinos are emitted only on the tag side, the direction of the missing momentum p_{miss} should be contained on the tag side. We define the angle θ^{CM}_{thrust−miss} between the thrust axis of the event (in the signal hemisphere) and the missing momentum vector, and require cos θ^{CM}_{thrust−miss} < −0.55 as shown in Fig. 1. At this level of selection the dominant background is that of τ^+τ^− events (95%) whereas qq̄ events and other sources constitute only 5%. The correlation between the missing momentum, p_{miss}, and the missing mass squared, m^2_{miss}, is used to remove the generic τ^+τ^− and qq continuum contributions: p_{miss} > −2.616m^2_{miss} −0.191 and p_{miss} > 1.0m^2_{miss} −1, where p_{miss} is in GeV/c and m_{miss} is in GeV/c^2.

The yield of signal events is finally determined in the M_ℓ−_M 0 –ΔE plane, where M_ℓ−_M 0 is the invariant mass of the ℓ^−M^0 system and ΔE is the difference between the energy of the ℓ^−M^0 system and the beam energy in the CM frame. When deciding on our selection criteria, we blinded the signal region M_τ − 5σ^{low}_{Mℓ−M 0} < M_ℓ−_M 0 < M_τ + 5σ^{high}_{Mℓ−M 0} and −0.5 GeV < ΔE < 0.5 GeV. We define sideband regions of M_ℓ−_M 0 and ΔE as M_τ − 10σ^{low}_{Mℓ−M 0} < M_ℓ−_M 0 < M_τ − 5σ^{high}_{Mℓ−M 0} , M_τ + 5σ^{low}_{Mℓ−M 0} < M_ℓ−_M 0 < M_τ + 10σ^{high}_{Mℓ−M 0} and −10σ^{low}_{ΔE} < ΔE <

TABLE I: The resolutions of M_ℓ−_M 0 and ΔE for each mode. The “low” or “high” superscript indicates the lower or higher energy side of the peak; σ_{Mℓ−M 0} are in MeV/c^2 and σ_{ΔE} are in MeV.

Mode Subdecay mode σ^{low}_{Mℓ−M 0} σ^{high}_{Mℓ−M 0} σ^{low}_{ΔE} σ^{high}_{ΔE} τ^− → e^−η η → γγ 25.8 15.3 79.3 34.7 η → π^+π^−π^0 (π^0 → γγ) 17.5 9.7 44.2 25.5 τ^− → μ^−η η → γγ 25.7 14.2 57.1 35.2 η → π^+π^−π^0 (π^0 → γγ) 13.4 9.6 43.2 22.1 τ^− → e^−π^0 π^0 → γγ 25.7 14.7 69.5 35.2 τ^− → μ^−π^0 π^0 → γγ 23.6 14.5 69.8 38.9 τ^− → e^−η^′ η^′ → π^+π^−η (η → γγ) 22.0 14.0 62.7 26.7 τ^− → μ^−η^′ η^′ → π^+π^−η (η → γγ) 18.3 11.7 55.6 25.9

TABLE II: Numbers of remaining events for each mode at the same selection stage as in Fig. 2, prior to final cuts on the signal side (see the text).

Mode Subdecay mode N^{DATA}_{side} N^{MC}_{side} τ^− → e^−η η → γγ 3 1.47 ± 0.73 η → π^+π^−π^0 5 0.34 ± 0.11 τ^− → μ^−η η → γγ 17 14.4 ± 3.2 η → π^+π^−π^0 7 5.2 ± 3.6 τ^− → e^−π^0 π^0 → γγ 2 2.2 ± 0.9 τ^− → μ^−π^0 π^0 → γγ 22 25.8 ± 4.5 τ^− → e^−η^′ η^′ → π^+π^−η 12 11.6 ± 2.3 τ^− → μ^−η^′ η^′ → π^+π^−η 33 22.9 ± 3.5

−0.5 GeV, 0.5 GeV < ΔE < 10σ^{high}_{ΔE} , respectively. The resolutions, σ^{low/high}_{Mℓ−M 0} and σ^{low/high}_{ΔE} , of M_ℓ−_M 0 and ΔE, are evaluated from the distributions of signal MC around the peak using an asymmetric Gaussian shape to account for initial state radiation and ECL energy leakage for photons. In these expressions, M_τ is the central value of the reconstructed τ mass for signal, evaluated in MC: it is consistent with the known τ mass within 1.2 – 13.0 MeV for each mode. The resulting resolutions are summarized in Table I.

The resulting numbers of data and MC events in the M_ℓ−_M 0 –ΔE sideband region after applying a loose mass requirement for π^0/η, −5 < S^{π0 /η}γγ < 5, are summarized in Table II. The S^{π0}_{γγ} and S^η_{γγ} distributions for the modes with a final state muon are shown in Fig.2 (a) and (b), respectively. Within the statistical uncertainty the sideband data and background MC yields are consistent with each other in all four modes.

At the last stage of the selection, the π^0 or η candidate is required to satisfy −5 < S^{π0/η}γγ < 3, where S^{π0}_{γγ} was defined above, and S^η_{γγ} = (m_{γγ} − 0.547 GeV/c^2)/σ^η_{γγ} with σ^η_{γγ} = 11–13 MeV/c^2. The conditions P_{e/μ} > 0.9 and p > 0.7 GeV/c are imposed on lepton tracks on the signal side. In addition, P_{e/μ} < 0.6 is required on the tag side for rejection of Bhabha or μ^+μ^− events.

For η → π^+π^−π^0 and η^′ → π^+π^−η decays with η → γγ, i.e. 1-3 prong modes, we search for events containing four charged tracks (net charge = 0) and two or more photons. Because of the higher multiplicity compared to the 1-1 prong modes, the detection efficiency becomes smaller. On the other hand, the additional reconstruction constraint in the η/η^′ decay chain improves the background rejection power. The selection criteria are similar to those in the η → γγ case with the differences listed below.

The minimum photon energy E_γ requirement is reduced from 0.1 GeV to 0.05 GeV, and the tighter conditions for photons from π^0/η are also removed, since the photons from these decay modes have a softer energy distribution compared to that in the 1-1 prong case. At least three tracks and two or more photons are required in the signal hemisphere. One track must be identified as an electron or a muon (P_{e/μ} > 0.9), but particle identification is not performed on the other two tracks, at first they are treated as pions. We also require that one π^0 is reconstructed with −5 < S^{π0}_{γγ} < 5 from the photons in the signal hemisphere. Without any PID for pion candidate tracks on the signal side, possible photon conversions can result in a fake event. In order to remove such a contribution, we examine the effective mass-squared M^2_{ee} of any two tracks (to which the electron mass is assigned) in the signal hemisphere. A sharp peak at M^2_{ee} < 0.01 (GeV/c^2)^2 is seen in the Bhabha MC but not in

FIG. 2: S^{π0}_{γγ} , S^η_{γγ} and m_π+_π−_η distributions for (a) τ^− → μ^−π^0, (b) τ^− → μ^−η and (c) τ^− → μ^−η^′ decay modes, respectively, prior to final cuts on the signal side (see the text). The data (points with error bars), total background MC (open histogram), non-τ^+τ^− background MC (hatched histogram), and signal MC (shaded histogram, corresponding to the branching fraction of 5×10^{−7}) are shown.

the signal and generic τ^+τ^− MC’s, and data also exhibit a tiny peak at M^2_{ee} ∼ 0 (GeV/c^2)^2. To avoid a large reduction of the signal detection efficiency, we impose a requirement on PID in addition to that on M^2_{ee}: events are rejected which have M^2_{ee} < 0.01 GeV/c^2 and P_e > 0.6 for one of the two tracks. As a result, 60% of the Bhabha originated events are rejected while the signal efficiency is reduced by 2.3% only. In addition, the following constraints are also required: p_{miss} > −1.5m^2_{miss} − 1.0 and p_{miss} > 0.8m^2_{miss} − 0.2, where p_{miss} is in GeV/c and m_{miss} is in GeV/c^2.

The π^0 and η from γγ are extracted by imposing the conditions −3 < S^{π0}_{γγ} < 3 and −5 < S^η_{γγ} < 3, respectively. The requirements P_{e/μ} > 0.9 and p > 0.7 GeV/c are imposed on the tracks on the signal side as in the 1-1 prong case. After applying the above conditions as well as the requirements on the invariant mass 1.3 GeV/c^2 < M_ℓ−_M 0 < 2.0 GeV/c^2, energy difference −1.0 GeV < ΔE < 0.5 GeV and a loose requirement on η (η^′) mass m_π+_π−_π0 < 0.65 GeV/c^2 (m_π+_π−_η < 1.2 GeV/c^2), we obtain the resulting number of data and MC events summarized in Table II. The m_π+_π−_η distribution of the mode with a final state muon after these requirements is shown in Fig. 2 (c).

Again, agreement between sideband data and background MC is observed within the statistical uncertainty, except for the decay mode τ^− → e^−η, η → π^+π^−π^0. Since in this mode PID has better rejection power of hadronic background than in the modes with a final state muon, the η candidates should be mostly fake ones. In fact, four of the remaining five data events are in the η mass sideband regions and thus will be rejected at the last stage by the tighter η and η^′ mass requirement 0.5260 GeV/c^2 < m_π+_π−_π0 < 0.5656 GeV/c^2 and 0.9027 GeV/c^2 < m_π+_π−_η < 0.9798 GeV/c^2, corresponding to the ±3σ regions, where the resolutions are estimated from signal MC.

BG ESTIMATIONS AND BRANCHING FRACTIONS

The signal detection efficiency for each mode is evaluated by using signal MC. We take an elliptically shaped signal region in the M_ℓ−_M 0 –ΔE plane with a signal acceptance, Ω, of 90%, which is more sensitive than a box shaped signal region. To obtain the highest sensitivity, all geometrical parameters of the ellipse, such as the position of the center, the orientation, and the length of the major and minor axes, are determined to minimize its area with the constraint on the acceptance to be 90%.

As explained in the previous section, an analysis of the background MC distributions shows that they agree well with data in the sideband regions. We also confirmed that no peaking background structure, which mimics the signal, is observed in the signal region.

The expected number of background events (b_0) in the signal elliptical region is estimated from sideband data events as follows: for the decay modes τ^− → μ^−η (η → γγ), τ^− → μ^−π^0 and τ^− → μ^−η^′, we assume that the background distribution is described by a polynomial function in M_ℓ−_M 0 and a Gaussian function in ΔE over the ±10σ region. We determine the shape of the function by fitting to the MC events including the blinded region with its normalization from the data sideband. Moreover, taking into account the uncertainties from assuming the background distribution, we evaluate b_0 for these modes by another method: we assume a flat distribution over the ±10σ region of M_ℓ−_M 0 and the regions −0.4 GeV < ΔE < 0.20 GeV, −0.5 GeV < ΔE < 0.33 GeV and −0.4 GeV < ΔE < 0.20 GeV for the μ^−η (η → γγ), μ^−π^0, and μ^−η^′ modes, respectively. The differences between the values evaluated by the first and the second method, which are 21%, 10% and 49%, respectively, are treated as an additional uncertainty. For the other five decay modes, we evaluate b_0 from sideband data events by simply assuming a flat distribution over ±10σ region of M_ℓ−_M 0 –ΔE plane, since the remaining number of events is too small to determine the background shape by fitting to those events. The uncertainty on b_0 is quite large (≤ 100%), particularly in the electron modes, because the number of events remaining in the sideband region is very small. For τ^− → e^−π^0, there are no events in the sidebands, and we set b_0 = 0.0^{+0.4}_{−0.0} where the error is calculated by assuming 2.44 events in the sideband. The resultant b_0 are listed in Table III.

After opening the blinded region, we find one event in both the τ^− → e^−η^′ and τ^− → μ^−η modes, and five events in the τ^− → μ^−π^0 mode, however, no events are found for the other modes in the elliptical signal region. Figure 3 shows the M_ℓ−_M 0 –ΔE plot for the individual modes. The resultant numbers of events s are compared to the expected background b_0 in Table III: good agreement can be observed.

TABLE III: Results of the final event selection for the individual modes: ϵ is the detection efficiency, B_M 0 is the branching fraction for the M^0 decay, N^{DATA}_{side} and N^{MC}_{side} are the numbers of events in sideband regions for data and MC, respectively, b_0 is the expected number of background events, s is the observed number of signal events and s_0 is the upper limit on the number of signal events.

Mode Subdecay ϵ B_M 0 N^{DATA}_{side} N^{MC}_{side} b_0 s s_0 mode (%) (%) (ev.) (ev.) (ev.) (ev.) (ev.)

τ^− → e^−η η → γγ 5.68 39.43 2 0 0.23 ± 0.16 0 2.3 η → π^+π^−π^0 6.84 22.6 1 0 0.23 ± 0.23 0 2.2 τ^− → μ^−η η → γγ 8.03 39.43 9 9.2 ± 2.3 3.9 ± 1.5 1 1.4 η → π^+π^−π^0 7.15 22.6 2 0.8 ± 0.3 0.60 ± 0.42 0 1.9 τ^− → e^−π^0 π^0 → γγ 4.70 98.798 0 0.7 ± 0.7 0.0^{+0.4}_{−0.0} 0 2.4 τ^− → μ^−π^0 π^0 → γγ 6.36 98.798 16 12.5 ± 2.7 3.0 ± 0.9 5 6.9 τ^− → e^−η^′ η^′ → π^+π^−η 8.51 17.5 2 0.8 ± 0.3 0.28 ± 0.20 1 4.2 τ^− → μ^−η^′ η^′ → π^+π^−η 8.41 17.5 5 5.5 ± 1.9 0.94 ± 0.60 0 1.6

FIG. 3: The distribution of remaining events over the ±10σ region in the M_ℓ−_M 0 − ΔE plane after opening the blinded region. The ellipse is the signal region that has a signal acceptance of Ω = 90%. The blinded regions ±5σ in M_ℓ−_M 0 and ±0.5 GeV in ΔE are indicated by the dotted lines. The cross indicates the ±2σ M_ℓ−_M 0 and ΔE ranges. Various symbols show events from 428 fb^{−1} of generic τ^+τ^− MC (□), 232 fb^{−1} of qq̄ MC with q = u, d, s (△), 160 fb^{−1} with q = c (∘), 205 fb^{−1} of two-photon MC (▼), and data (•). 10

TABLE IV: Systematic uncertainties in %.

Mode τ^− → e^−η, e^−η, μ^−η, μ^−η, e^−π^0 μ^−π^0 e^−η^′ μ^−η^′ η → γγ η → 3π η → γγ η → 3π Track recon. 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 M^0 recon. 2.0 4.0 2.0 4.0 2.0 2.0 4.0 4.0 π^0 veto 5.5 – 5.5 – – – 5.5 5.5 e ID 1.0 1.0 – – 1.0 – 1.0 – μ ID – – 2.0 2.0 – 2.0 – 2.0 Trigger 0.5 0.1 0.2 0.1 0.7 0.4 0.1 0.1 Beam background 2.3 2.1 2.3 2.1 2.3 2.3 2.1 2.1 Luminosity 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 B_M 0 0.7 1.8 0.7 1.8 – – 3.4 3.4 MC stat. 1.4 1.7 1.1 1.6 0.9 0.8 1.2 1.1 MC models 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 Total 7.0 5.8 7.2 6.0 4.2 4.5 8.4 8.6

Following the Feldman-Cousins method [23], we calculate the upper limit s_0 on the number of signal events at the 90% confidence level (C.L.) for all modes, as listed in Table III. These values take only statistical errors into account.

The branching fraction at the 90% C.L. is obtained from the following formula,

B(τ^− → ℓ^−M^0) = s_0 2 ϵ B_M 0 N_{τ τ}

, (1)

where ϵ is the detection efficiency for the individual modes, B_M 0 is the branching fraction for the M^0 decay, and N_{τ τ} = 137.2 × 10^6 is the number of produced τ -pairs at 153.8 fb^{−1} luminosity, with the cross section of e^+e^− → τ^+τ^− at the Υ(4S) resonance σ_{τ τ} = 0.892±0.002 nb calculated by KKMC [18]. The values of ϵ and B_M 0 for each mode are listed in Table III. Systematic uncertainties due to the background estimate b_0, and uncertainties on 2ϵB_{M0} N_{τ τ} , are taken into account by inflating the value of s_0, as discussed below.

The systematic uncertainties on the detection sensitivity, 2ϵB_M 0 N_{τ τ} , arise from the track reconstruction efficiency (1.0% for each track) of the tag side track and the signal side lepton; π^0, η and η^′ reconstruction efficiency which includes the uncertainties in the tracking efficiency for charged pions (2.0%) and the π^0 or η reconstruction efficiency (2.0%); π^0 veto for τ^− → ℓ^−η and ℓ^−η^′ modes (5.5%); electron or muon identification efficiency (1.0% for electron, 2.0% for muon); trigger efficiency (0.1–0.7%); beam background effect (2.1% for 1-1 prong, 2.3% for 1-3 prong events); luminosity (1.4%); branching fraction of π^0, η, and η^′ (Ref. [24]); signal MC statistics (0.8–1.7%) and signal MC models (0.5%). Table IV lists these separate contributions as well as the resulting systematic uncertainties obtained by adding all the components in quadrature. The dominant contributions, π^0, η and η^′ reconstruction efficiencies, π^0 veto efficiency and beam background effect, are estimated as follows. The contribution of reconstruction efficiencies for pseudoscalar mesons is evaluated from the efficiency ratios for data and MC samples using η → γγ and η → 3π^0 decays. The π^0 veto contribution is also evaluated by the efficiency ratio of data and MC, where the π^0 veto efficiency is estimated from the difference of η reconstruction efficiencies with and without the π^0 veto. The beam background effect is estimated from data that is taken by the random trigger at the same time as the normal data taking. We initially assumed a uniform angular distribution of τ decays for the signal MC. Its possible nonuniformity was taken into account by comparing the uniform case with those assuming V − A and V + A interactions [25], which result in maximum possible variations. This effect contributes 0.5% shown in the “MC models” line of Table IV.

The treatment of systematic uncertainties depends on the estimated background b_0. In cases where b_0 < 1.0, except for τ^− → μ^−η^′, we set b_0 to 0.0 ± 0.0 to obtain a conservative upper limit. We use the POLE program [26] to recalculate s_0 including systematic uncertainties on both b_0 and the detection sensitivity, assuming Gaussian errors [27]. The upper limits then obtained from equation (1) are summarized in Table V.

TABLE V: Upper limits on branching fractions.

Mode Subdecay mode U.L. of B @ 90% C.L. τ^− → e^−η η → γγ 4.0 × 10^{−7} η → π^+π^−π^0 5.8 × 10^{−7} τ^− → e^−η combined 2.4 × 10^{−7} τ^− → μ^−η η → γγ 2.3 × 10^{−7} η → π^+π^−π^0 5.5 × 10^{−7} τ^− → μ^−η combined 1.5 × 10^{−7} τ^− → e^−π^0 π^0 → γγ 1.9 × 10^{−7} τ^− → μ^−π^0 π^0 → γγ 4.1 × 10^{−7} τ^− → e^−η^′ η^′ → π^+π^−η 10 × 10^{−7} τ^− → μ^−η^′ η^′ → π^+π^−η 4.7 × 10^{−7}

DISCUSSION

One can see from Table V that for the τ^− → e^−η^′ and τ^− → μ^−η^′ modes, the resulting 90% C.L. upper limits are B(τ^− → e^−η^′) < 10 × 10^{−7} and B(τ^− → μ^−η^′) < 4.7 × 10^{−7}; these are the first experimental limits on these modes. For the τ^− → e^−η and τ^− → μ^−η modes, the results from two different final states, η → γγ and η → π^+π^−π^0, are combined. The resulting 90% C.L. upper limits for these two modes and τ^− → e^−π^0 and τ^− → μ^−π^0 are B(τ^− → e^−η) < 2.4 × 10^{−7}, B(τ^− → μ^−η) < 1.5 × 10^{−7}, B(τ^− → e^−π^0) < 1.9 × 10^{−7} and B(τ^− → μ^−π^0) < 4.1 × 10^{−7} and improve upon the previous CLEO measurements by a factor of 34, 64, 20 and 10, respectively.

We can restrict the allowed parameter space for m_A–tan β, using the relationship derived by M. Sher [4] in a seesaw MSSM with a specific mass texture:

B(τ^−→ μ^−η) = 0.84 × 10^{−6} × ( tanβ 60 )_6 ( 100 GeV m_A )_4 , (2)

where m_A is the pseudoscalar Higgs mass and tanβ is the ratio of the vacuum expectation values (⟨H_u ⟩/⟨H_d ⟩), as shown in Fig. 4, where our boundary is indicated for the 90% C.L by the shaded region. Figure 4 also shows the 95% C.L. constraints from our experiment with a dashed line and high energy collider experiments at LEP [28] and CDF [29]. Our experiment has a sensitivity competitive with that of the CDF experiment which searched for pp → A/ϕbb → bbbb reactions, where ϕ is a CP-even neutral Higgs state and A is a CP-odd state in the MSSM.

The improved sensitivity to rare τ lepton decays achieved in this work can also be used to constrain the parameters of models with heavy Dirac neutrinos [5, 6]. In these models the expected branching ratios of various LFV decays are evaluated in terms of combinations of the model parameters. These combinations, denoted y_{τ e} and y_{τ μ} for τ decays involving an electron and a muon, respectively, can vary from 0 to 1. Our τ^− → e^−π^0 result sets a 90% C.L. upper limit y_{τ e} < 0.26, the most restrictive bound on this quantity. The corresponding limit from our τ^− → μ^−π^0 result is y_{τ μ} < 0.87: a somewhat better bound y_{τ μ} < 0.65 can be set from the τ^− → μ^−μ^+μ^− decay based on the experimental limits from BaBar [30] and Belle [31].

In summary, using a data sample of 153.8 fb^{−1} collected with the Belle detector we obtained new upper limits on the branching fractions of semileptonic LFV τ^− decays involving pseudoscalar mesons π^0, η and η^′. They range from 1.5 × 10^{−7} to 10 × 10^{−7} for the six decay modes studied and are 10 to 64 times more restrictive than previous limits.

FIG. 4: Experimentally excluded m_A − tan β parameter space. The 90% C.L. result of this experiment on B(τ^− → μ^−η) using the relation (2) is indicated by the shaded region together with the 95% C.L. regions excluded by this experiment (dashed line), LEP [28] and the CDF [24, 29].

ACKNOWLEDGEMENTS

We thank the KEKB group for the excellent operation of the accelerator, the KEK cryogenics group for the efficient operation of the solenoid, and the KEK computer group and the National Institute of Informatics for valuable computing and Super-SINET network support. We are grateful to A. Ilakovac for fruitful discussions. We acknowledge support from the Ministry of Education, Culture, Sports, Science, and Technology of Japan and the Japan Society for the Promotion of Science; the Australian Research Council and the Australian Department of Education, Science and Training; the National Science Foundation of China under contract No. 10175071; the Department of Science and Technology of India;

the BK21 program of the Ministry of Education of Korea and the CHEP SRC program of the Korea Science and Engineering Foundation; the Polish State Committee for Scientific Research under contract No. 2P03B 01324; the Ministry of Science and Technology of the Russian Federation; the Ministry of Higher Education, Science and Technology of the Republic of Slovenia; the Swiss National Science Foundation; the National Science Council and the Ministry of Education of Taiwan; and the U.S. Department of Energy.

∗ on leave from Nova Gorica Polytechnic, Nova Gorica [1] J. Hisano, T. Moroi, K. Tobe and M. Yamaguchi, Phys. Rev. D 53, 2442 (1996). [2] K.S. Babu and C. Kolda, Phys. Rev. Lett. 89, 241802 (2002); A. Dedes, J. Ellis and M. Raidal, Phys. Lett. B 549, 159 (2002).

[3] A. Brignole and A. Rossi, Nucl. Phys. B 701, 3 (2004). [4] M. Sher, Phys. Rev. D 66, 057301 (2002).

[5] M.C. Gonzalez-Garcia and J.W.F. Valle, Mod. Phys. Lett. A 7, 477 (1992). [6] A. Ilakovac, Phys. Rev. D 62, 036010 (2000). [7] D. Black et al., Phys. Rev. D 66, 053002 (2002).

[8] Y. Enari et al. (Belle Collaboration), Phys. Rev. Lett. 93, 081803 (2004). [9] G. Bonvicini et al. (CLEO Collaboration), Phys. Rev. Lett. 79, 1221 (1997). [10] S. Kurokawa and E. Kikutani, Nucl. Instr. Meth. A 499, 1 (2003), and other papers included in this Volume.

[11] K.G. Hayes et al. (MARK II Collaboration), Phys. Rev. D 25, 2869 (1982). [12] S. Keh et al. (Crystal Ball Collaboration), Phys. Lett B 212, 123 (1988). [13] H. Albrecht et al. (ARGUS Collaboration), Z. Phys. C 55, 179 (1992). [14] A. Abashian et al. (Belle Collaboration), Nucl. Instr. Meth. A 479, 117 (2002). [15] S. Jadach and Z.Wa̧s, Comp. Phys. Commun. 85, 453 (1995).

[16] QQ is an event generator developed by the CLEO Collaboration and described in

http://www.lns.cornell.edu/public/CLEO/soft/QQ. It is based on the LUND Monte

Carlo for jet fragmentation and e^+e^− physics described in T. Sjöstrand, Comput. Phys. Commun. 39 367 (1986), T. Sjöstrand and M.Bengtsson, Comput. Phys. Commun. 43 367 (1987).

[17] S. Jadach, E. Richter-Wa̧s, B.F.L. Ward and Z. Wa̧s, Comp. Phys. Commun. 70, 305 (1992). [18] S. Jadach, B.H.L. Ward and Z. Wa̧s, Comp. Phys. Commun. 130, 260 (2000). [19] F.A. Berends, P.H. Daverveldt and R. Kleiss, Comp. Phys. Commun. 40, 285 (1986). [20] R. Brun et al., GEANT 3.21 CERN Report No. DD/EE/84-1, 453. [21] K. Hanagaki et al., Nucl. Instr. Meth. A 485, 490 (2002). [22] A. Abashian et al., Nucl. Instr. Meth. A 491, 69 (2002). [23] G. J. Feldman and R. D. Cousins, Phys. Rev. D 57, 3873 (1998). [24] S. Eidelman et al., Phys. Lett. B 592, 1 (2004). [25] R. Kitano and Y. Okada, Phys. Rev. D 63, 113003 (2001). [26] J. Conrad et al., Phys. Rev. D 67, 012002 (2003). [27] R. Cousins and V. Highland, Nucl. Instr. Meth. A 320, 331 (1992). [28] LEP Higgs Working Group, http://lephiggs.web.cern/ LEPHIGGS/papers/ Note 2001-04. [29] T. Affolder et al. (CDF Collaboration), Phys. Rev. Lett. 86, 4472 (2001). [30] B. Aubert et al. (BaBar Collaboration), Phys. Rev. Lett. 92, 121801 (2004). [31] Y. Yusa et al. (Belle Collaboration), Phys. Lett. B 589, 103 (2004).